SEMICONDUCTOR DEVICE AND 
METHOD FOR PRODUCING THE SAME 

BACKGROUND OF THE INVENTION 
5 1 . Field of the Invention 

The present invention relates to a semiconductor device in which an 
ohmic electrode is formed on a substrate made of silicon carbide with a large 
bandgap, and a method for producing the same. 

10 2 . Description of the Related Art 

In recent years, a semiconductor made of silicon carbide (SiC) is 
drawing attention as a next-generation semiconductor material due to its 
physical advantage of a wide bandgap and the substantially unlimited 
availability of its constituent elements. SiC has a crystal structure formed 

15 by a covalent bond, so that it is very stable physically and has a large bandgap. 
Therefore, a Schottky contact can be formed easily on a junction surface 
between metal and SiC, whereas it is difficult to form an ohmic contact 
thereon. In order to form an ohmic contact, it is required to select a material 
appropriately and conduct a heat treatment at a very high temperature. 

20 Hereinafter, a method for forming an ohmic electrode using a 

conventional construction will be described with reference to the drawings. 
Figure 6 is a cross-sectional view showing a configuration of a field-effect 
transistor that is one of the conventional SiC semiconductor devices. Figures 
12 A to 12D are cross-sectional views illustrating the processes of a method for 

25 producing the field-effect transistor. First, as shown in Figure 12A, a SiC 

member 62 doped with an impurity in a low concentration, and a SiC member 
63 doped with an impurity in a high concentration are formed on the upper 
surface of a SiC substrate 61 by crystal growth. Then, as shown in Figure 
12B, a part of the SIC member 63 that is the uppermost member is removed to 

30 expose the SiC member 62. Thereafter, as shown in Figure 12C, ohmic 
electrodes 68 are formed on the SiC member 63, and a heat treatment is 
conducted at a high temperature, whereby an ohmic contact is obtained. The 
ohmic electrodes 68 will function as a drain electrode and a source electrode. 
Furthermore, as shown in Figure 12D, a gate electrode 69 is formed on the 
35 SiC member 62 to obtain a Schottky contact. 

As a result of the above-mentioned processes, a SiC field-effect 
transistor with a conventional construction as shown in Figure 6 is completed. 



1 



Apart of the SiC member 63 may be removed after the ohmic electrodes 68 
are formed. An ohmic contact generally is obtained by inserting the SiC 
substrate 61 into a heating coil of a high-frequency heating furnace, and 
conducting a heat treatment at a high temperature of about 1000°C to 1600°C. 

5 This method is disclosed by, for example, C. Arnodo et al., "Nickel and 
Molybdenum Ohmic Contacts on Silicon Carbide", Institute of Physics 
Conference Series Number 142, pp. 577-580, 1996 and the like. 

However, according to the above-mentioned method for forming an 
ohmic electrode with the conventional construction, a heat-treatment 

10 temperature is much higher than heat-resistant temperatures of conventional 
semiconductor materials such as Si and GaAs, and the resistance of an ohmic 
contact thus obtained also is high. In addition, a metal material for an ohmic 
electrode needs to have a melting point higher than the heat-treatment 
temperature, so that the selection is limited to refractory metals and the like. 

15 Furthermore, this heat-treatment temperature is close to a growth 

temperature of SiC crystal and an annealing temperature for activation 
conducted after ion implantation. This may degrade the crystal structure 
and cause an impurity to diffuse again. In terms of facility, the conventional 
method also has various problems. More specifically, the conventional 

20 method requires a special apparatus such as a high-frequency heating furnace 
for conducting a heat treatment at a high temperature, complicated 
management of a temperature and an atmospheric gas, safety management 
with respect to a high temperature, and the like. These problems hinder the 
practical use and mass-production of a SiC semiconductor device. 

25 

SUMMARY OF THE INVENTION 

Therefore, with the foregoing in mind, it is an object of the present 
invention to provide a construction in which an ohmic electrode with a low 
resistance is formed on a SiC substrate without conducting a heat treatment 
30 at a high temperature, and a method for producing the same. 

In order to achieve the above-mentioned object, the semiconductor 
device of the present invention includes a SiC substrate and an ohmic 
electrode, wherein a semiconductor member including a SiC member and a 
SiGe member is formed between the SiC substrate and the ohmic electrode. 
35 Furthermore, in the semiconductor device of the present invention, 

the semiconductor member may be composed of a SiGe member formed on a 
SiC member, and the ohmic electrode may be formed on the SiGe member. 
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Furthermore, in the semiconductor device of the present invention, 
the semiconductor member may be composed of a Si member formed on a SiC 
member and a SiGe member formed on the Si member, and the ohmic 
electrode may be formed on the SiGe member. 

5 Furthermore, in the semiconductor device of the present invention, 

the semiconductor member may be composed of a semiconductor member in 
which a mole fraction is varied continuously from SiC to Si and from Si to 
SiGe, and the ohmic electrode may be formed on the semiconductor member. 
Furthermore, in the semiconductor device of the present invention, 

10 the semiconductor member may be composed of a semiconductor member in 
which a C mole fraction is decreased while a Ge mole fraction is increased 
continuously from SiC to SiGe, and the ohmic electrode is formed on the 
semiconductor member. 

Furthermore, in the semiconductor device of the present invention, 

15 the semiconductor member may be formed on both a p-type region and an n- 
type region. 

Furthermore, in the semiconductor device of the present invention, a 
gate electrode may be formed on the SiC member. 

Furthermore, in the semiconductor device of the present invention, 
20 the gate electrode may be formed on a Si oxide film. 

Furthermore, the method for producing a semiconductor device of the 
present invention includes: forming a semiconductor member including a SiC 
member and a SiGe member on a SiC substrate by crystal growth; and 
forming an ohmic electrode on the semiconductor member. 
25 Furthermore, in the method for producing a semiconductor device of 

the present invention, the process of forming the semiconductor member by 
crystal growth may include forming a SiGe member on a SiC member by 
crystal growth. 

Furthermore, in the method for producing a semiconductor device of 
30 the present invention, the process of forming the semiconductor member by 
crystal growth may include forming a Si member on a SiC member by crystal 
growth; and forming a SiGe member on the Si member by crystal growth. 

Furthermore, in the method for producing a semiconductor device of 
the present invention, the process of forming the semiconductor member by 
35 crystal growth may include forming a semiconductor member, in which a mole 
fraction is varied continuously from SiC to Si and from Si to SiGe, on a SiC 
member by crystal growth. 
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Furthermore, in the method for producing a semiconductor device of 
the present invention, the process of forming the semiconductor member by 
crystal growth may include forming a semiconductor member, in which a C 
mole fraction is decreased while a Ge mole fraction is increased continuously 
5 from SiC to SiGe, on a SiC member by crystal growth. 

Furthermore, in the method for producing a semiconductor device of 
the present invention, the semiconductor member may be formed on both a p- 
type region and an n-type region by crystal growth. 

Furthermore, the method for producing a semiconductor device of the 
10 present invention may include forming a gate electrode on the SiC member. 

Furthermore, in the method for producing a semiconductor device of 
the present invention, the gate electrode may be formed on a Si oxide film. 

According to the semiconductor device and method for producing the 
same of the present invention, an ohmic electrode is formed on SiGe with a 
15 small bandgap. Therefore, a heat treatment for obtaining an ohmic contact 
may be conducted at a very low temperature, or such a heat treatment is not 
required if the impurity concentration of SiGe is high enough. Furthermore, 
the ohmic metal can be selected from various materials, which are suitable for 
other fabrication processes. Needless to say, even with polysilicon in a high 
20 concentration introduced into conventional technology as wiring, an ohmic 
contact can be formed. Furthermore, an intrinsic semiconductor portion is 
not degraded due to thermal hysteresis in the course of formation of an ohmic 
contact, so that stable device characteristics are achieved. 

These and other advantages of the present invention will become 
25 apparent to those skilled in the art upon reading and understanding the 
following detailed description with reference to the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a cross-sectional view showing a configuration of a field- 
30 effect transistor of Embodiment 1 according to the present invention. 

Figure 2 is a cross-sectional view showing a configuration of a field- 
effect transistor of Embodiment 2 according to the present invention. 

Figure 3 is a cross-sectional view showing a configuration of a field- 
effect transistor of Embodiment 3 according to the present invention. 
35 Figure 4 is a cross-sectional view showing a configuration of a field- 

effect transistor of Embodiment 4 according to the present invention. 

Figure 5 is a cross-sectional view showing a configuration of a field- 
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effect transistor in which a part of Embodiment 1 according to the present 
invention is modified. 

Figure 6 is a cross-sectional view showing a configuration of a field- 
effect transistor with a conventional construction. 

Figures 7A to 7D are cross-sectional views illustrating the processes of 
a method for producing a field-effect transistor of Embodiment 1 according to 
the present invention. 

Figures 8 A to 8E are cross-sectional views illustrating the processes of 
a method for producing a field-effect transistor of Embodiment 2 according to 
the present invention. 

Figures 9A to 9D are cross-sectional views illustrating the processes of 
a method for producing a field-effect transistor of Embodiment 3 according to 
the present invention. 

Figures 10A to 10D are cross-sectional views illustrating the processes 
of a method for producing a field-effect transistor of Embodiment 4 according 
to the present invention. 

Figures 11A to HE are cross-sectional views illustrating the processes 
of a method for producing a field-effect transistor in which a part of 
Embodiment 1 according to the present invention is modified. 

Figures 12 A to 12D are cross-sectional views illustrating the processes 
of a method for producing a field-effect transistor with a conventional 
construction. 

Figures 13A to 13D are schematic views of semiconductor/metal band 
diagrams when an ohmic contact is formed on an n-type semiconductor. 

Figures 14A to 14D are schematic views of semiconductor/metal band 
diagrams when an ohmic contact is formed on a p-type semiconductor. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Hereinafter, the present invention will be described by way of 
embodiments. 

Rmhndimftnt 1 

The first embodiment of the present invention will be described with 
reference to the drawings. Figure 1 is a cross-sectional view showing a 
configuration of a SiC field-effect transistor with a first construction of the 
present invention. Figures 7A to 7D are cross-sectional views illustrating the 
processes of a method for producing the SiC field-effect transistor. 



As shown in Figure 7A, a SiC member 12 doped with an impurity in a 
low concentration and a SiGe member 15 doped with an impurity in a high 
concentration are formed on the upper surface of a SiC substrate 11 by crystal 
growth. Then, as shown in Figure 7B, a part of the SiGe member 15 that is 
5 the uppermost member is removed to expose the SiC member 12. Thereafter, 
as shown in Figure 7C, ohmic electrodes 18 are formed on the SiGe member 
15, and a heat treatment is conducted at a low temperature of about 300°C to 
obtain an ohmic contact. The ohmic electrodes 18 will function as a drain 
electrode and a source electrode. Furthermore, as shown in Figure 7D, a 
10 gate electrode 19 is formed on the SiC member 12 to obtain a Schottky contact. 
Figure 7D is the same as Figure 1. 

F,™hnHimPnt 2 

The second embodiment of the present invention will be described 

15 with reference to the drawings. Figure 2 is a cross-sectional view showing a 
configuration of a SiC field-effect transistor with a second construction of the 
present invention. Figures 8A to 8E are cross-sectional views illustrating the 
processes of a method for producing the SiC field-effect transistor. 

As shown in Figure 8A, a SiC member 22 doped with an impurity in a 

20 low concentration, and a Si member 24 and a SiGe member 25 that are doped 
with an impurity in a high concentration are formed on the upper surface of a 
SiC substrate 2 1 by crystal growth. Then, as shown in Figure 8B, a part of 
the SiGe member 25 that is the uppermost member is removed to expose the 
Si member 24. Thereafter, as shown in Figure 8C, a part of the exposed Si 

25 member 24 is heat-treated at a high temperature of about 800°C to 1000°C, 
whereby a gate oxide film 26 is formed. Then, as shown in Figure 8D, ohmic 
electrodes 28 are formed on the SiGe member 25, and a heat treatment is 
conducted at a low temperature of about 300°C to obtain an ohmic contact. 
Furthermore, as shown in Figure 8E, a gate electrode 29 is formed on the gate 

30 oxide film 26 to obtain a MOS gate. Figure 8E is the same as Figure 2. 

Embodiment 3 

The third embodiment of the present invention will be described with 
reference to the drawings. Figure 3 is a cross-sectional view showing a 
35 configuration of a SiC field-effect transistor with a third construction of the 

present invention. Figures 9A to 9D are cross-sectional views illustrating the 
processes of a method for producing the SiC field-effect transistor. 
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As shown in Figure 9A, a SiC member 32 doped with an impurity in a 
low concentration and a SiC/Si/SiGe mixed crystal member 35 doped with an 
impurity in a high concentration are formed on the upper surface of a SiC 
substrate 31 by crystal growth. The mixed crystal member 35 is formed in 
5 such a manner that a C mole fraction is decreased continuously from SiC to Si 
from the substrate side and a Ge mole fraction is increased continuously from 
Si to SiGe. Next, as shown in Figure 9B, a part of the mixed crystal member 
35 that is the uppermost member is removed to expose the SiC member 32. 
Thereafter, as shown in Figure 9C, ohmic electrodes 38 are formed on the 
10 mixed crystal member 35, and a heat treatment is conducted at a low 

temperature of about 300°C to obtain an ohmic contact. Furthermore, as 
shown in Figure 9D, a gate electrode 39 is formed on the SiC member 32 to 
obtain a Schottky contact. Figure 9D is the same as Figure 3. 

15 Embodiment 4 

The fourth embodiment of the present invention will be described with 
reference to the drawings. Figure 4 is a cross-sectional view showing a 
configuration of a SiC field-effect transistor with a fourth construction of the 
present invention. Figures 10A to 10D are cross-sectional views illustrating 

20 the processes of a method for producing the SiC field-effect transistor. 

As shown in Figure 10A, a SiC member 42 doped with an impurity in 
a low concentration and a SiC-SiGe mixed crystal member 45 doped with an 
impurity in a high concentration are formed on the upper surface of the SiC 
substrate 41 by crystal growth. The mixed crystal member 45 is composed of 

25 a member formed by decreasing a C mole fraction while increasing a Ge mole 
fraction continuously from SiC to SiGe from the substrate side. Next, as 
shown in Figure 10B, a part of the mixed crystal member 45 that is the 
uppermost member is removed to expose the SiC member 42. Thereafter, as 
shown in Figure 10C, ohmic electrodes 48 are formed on the mixed crystal 

30 member 45, and a heat treatment is conducted at a low temperature of about 
300°C to obtain an ohmic contact. Furthermore, as shown in Figure 10D, a 
gate electrode 49 is formed on the SiC member 42 to obtain a Schottky contact. 
Figure 10D is the same as Figure 4. 

35 Embodiment 5 

The fifth embodiment of the present invention will be described with 
reference to the drawings. Figure 5 is a cross-sectional view showing a 
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configuration of a SiC field-effect transistor in which a part of the first 
construction of the present invention is modified. Figures 11A to HE are 
cross-sectional views illustrating the processes of a method for producing the 
SiC field-effect transistor. 

As shown in Figure 11A, a SiC member 52 doped with an impurity in a 
low concentration is formed on the upper surface of a SiC substrate 51 by 
crystal growth. Thereafter, an impurity with a conductivity opposite to that 
of the SiC member 52 (more specifically, a p-type impurity in the case where 
the SiC member 52 has an n-type conductivity) is implanted from the surface 
side by ion implantation to form an impurity -buried region 57. The resultant 
stack is heat-treated at about 1000°C to activate the impurity -buried region 
57. Thereafter, as shown in Figure 11B, a part of the SiC member 52 on the 
impurity-buried region 57 is removed to expose the impurity-buried region 57. 
A SiGe member 55 doped with an impurity in a high concentration is formed 
on the SiC member 52 and the exposed impurity-buried region 57 by crystal 
growth. At this time, a pn-junction is provided on the impurity-buried region 
57; however, SiGe has a very narrow bangap with respect to SiC, so that the 
difference in conductivity is substantially negligible. If it is desired to 
improve a resistivity, it only is necessary to allow an impurity with the same 
conductivity to diffuse again into a part of the SiGe member 55 on the 
impurity-buried region 57. Next, as shown in Figure 11C, a part of the SiGe 
member 55 that is the uppermost member is removed to expose the SiC 
member 52. Thereafter, as shown in Figure 11D, ohmic electrodes 58 are 
formed on the SiGe member 55, and a heat treatment is conducted at a low 
temperature of about 300°C to obtain an ohmic contact. Furthermore, as 
shown in Figure HE, a gate electrode 59 is formed on the SiC member 52 to 
obtain a Schottky contact. Figure HE is the same as Figure 5. 

In the above-mentioned Embodiments 1 to 5, an ohmic electrode is 
formed by heat treatment at about 300°C. However, it is possible to increase 
the temperature of the heat treatment up to about 500°C. 

In order to further clarify the effects obtained by the construction of 
the present invention, description will be made with reference to band 
diagrams of a semiconductor. Figures 13A to 13D are band diagrams 
showing a junction between an n-type semiconductor and metal, and Figures 
14A to 14D are band diagrams showing a junction between a p-type 
semiconductor and metal. 

Figure 13A shows a junction between n-type SiC (n-SiC) and metal. 
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As is apparent from the figure, in the case of SiC with a very large bandgap, a 
Schottky barrier is high, so that the contact resistance is not decreased even if 
an impurity concentration is increased slightly. Furthermore, since the 
crystal itself is very hard as described above, a heat treatment at a very high 
5 temperature is required for breaking the Schottky barrier. 

In contrast, in Figure 13B showing the first construction of the 
present invention, since a semiconductor with a very small bandgap, such as 
SiGe, is used, a Schottky barrier can be lowered. Furthermore, when a 
semiconductor with a small bandgap is doped with an impurity in a high 
10 concentration, the semiconductor almost is metallized. Therefore, even if the 
semiconductor is brought into contact with metal at room temperature, an 
ohmic contact is formed therebetween, which makes it possible to form a so- 
called non-alloy contact. 

Figure 13C shows the second construction of the present invention, in 
15 which Si is interposed between SiC and SiGe. This shows a more practical 
construction. In the present crystal growth technique, it is found that more 
satisfactory crystal is likely to be obtained in the case where Si is formed from 
SiC and SiGe is formed from Si, compared with the case where SiGe is grown 
abruptly from SiC. This mainly is ascribed to the lattice constant difference, 
20 the substrate temperature, the kind of a gas to be used, and the like. 

Furthermore, as described in Embodiment 2 shown in Figure 2, it also may be 
possible to form a MOS structure by allowing interposed Si to be self-oxidized. 
In general, it is found that when SiC itself is oxidized, C remains on an 
interface, which makes it difficult to obtain a satisfactory MOS structure. In 
25 the present construction, this problem also is overcome. 

Figure 13D shows the fourth construction of the present invention, in 
which a C mole fraction is decreased successively from a SiC interface while a 
Ge mole fraction is increased successively, whereby a bandgap is varied 
continuously. Although this crystal growth technique is most difficult, it is 
30 most excellent in electrical continuity. According to the third construction of 
the present invention, crystal growth is conducted more easily, in which a C 
mole fraction is decreased successively from SiC to form Si, and a Ge mole 
fraction increased successively in Si to obtain SiGe. This method also is 
excellent in electrical continuity. 
35 The above description substantially applies to the case of a p-type. 

However, as shown in Figure 14A, SiC is not activated even if the 
concentration of a p-type impurity is increased, so that a p-type with a high 

9 



concentration cannot be obtained. Therefore, a contact resistance becomes 
higher than that of an n-type. 

Figures 14B to 14D show the case where an n-type in Figures 13B to 
13D is changed to a p-type. The effect of interposing SiGe is greater in a p- 
type. Particularly, in the construction shown in Figure 14D in which 
electrical continuity is obtained, a barrier is not present in a semiconductor, so 
that a contact resistance can be reduced remarkably. 

SiC is a semiconductor with a wide bandgap, and is considered to 
operate at a high voltage using this feature in practical use. Under a high 
electric field, unnecessary electron-hole pairs are generated by an avalanche 
effect between a gate and a drain. As in a SiMOSFET for power, a p-sinker 
absorbing the holes is required. However, if it is difficult to form a 
satisfactory contact with respect to a p-type as described above, the p-sinker 
does not function sufficiently. The construction described in Embodiment 5 
solves this problem. In this construction, SiGe with a small bandgap is 
interposed, whereby n-SiC is connected to p-SiC at a low resistance, whereby 
holes generated under the gate are recombined in SiGe. 

According to the semiconductor device and method for producing the 
same of the present invention, an ohmic electrode is formed on SiGe with a 
small bandgap. Therefore, a heat treatment for obtaining an ohmic contact 
may be conducted at a very low temperature, or such a heat treatment is not 
required if the impurity concentration of SiGe is high enough. Furthermore, 
the ohmic metal can be selected from various materials, which are suitable for 
other fabrication processes. Needless to say, even with polysilicon in a high 
concentration introduced into conventional technology as wiring, an ohmic 
contact can be formed. Furthermore, an intrinsic semiconductor portion is 
not degraded due to thermal hysteresis in the course of formation of an ohmic 
contact, so that stable device characteristics are achieved. 

The invention may be embodied in other forms without departing from 
the spirit or essential characteristics thereof. The embodiments disclosed in 
this application are to be considered in all respects as illustrative and not 
limiting. The scope of the invention is indicated by the appended claims 
rather than by the foregoing description, and all changes which come within 
the meaning and range of equivalency of the claims are intended to be 
embraced therein. 
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